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1D = One Dimensional 一维 
2D = Two Dimensional 二维 
COSY = COrrelated SpectroscopY 相关谱 
CPMG = CarrPurcellMeiboomGill CPMG 序列 
CRAZED = Cosy Revamped with Asymmetric 
Z-gradient Echo Detection 
不对称 z 向梯度回波
检测改进的 COSY 
CSG = Coherence Selection Gradient 相干选择梯度场 
DDF = Dipolar Dipole Field 
      Dipolar Demagnetizing Field 
远程偶极场， 
偶极退磁场 
DQC = Double-Quantum Coherence 二量子相干 
EPI = Echo Planner Imaging 回波平面成像 
FID = Free Induction Decay 自由感应衰减 
FM = Frequency Modulation 频率调制 
FT = Fourier Transformation 傅里叶变换 
HOMOGENIZED = HOMOGeneity ENhancement by 
Intermolecular ZEro-quantum Detection 
分子间零量子检测
的均匀性增强 
iDQC = intermolecular Double-Quantum Coherence 分子间二量子相干 
iDQF = intermolecular Double-Quantum Filter 分子间二量子滤波 
iMQC = intermolecular Multiple-Quantum Coherence 分子间多量子相干 
iSQC = intermolecular Single-Quantum Coherence 分子间单量子相干 
iZQC = intermolecular Zero-Quantum Coherence 分子间零量子相干 
mD = multi-Dimensional 多维 
MQC = Multiple-Quantum Coherences 多量子相干 
MRI = Magnetic Resonance Imaging 磁共振成像 
MRS = Magnetic Resonance Spectroscopy 磁共振波谱 















NMR = Nuclear Magnetic Resonance 核磁共振 
PFG = Pulse Field Gradient 脉冲梯度场 
RF = Radio Frequency 射频 
SECSY = Spin Echo Correlated SpectroscopY  自旋回波相关谱 
SLS = Spatially Localized Spectroscopy 空间定域谱，MRS 
SNR = Signal to Noise Ratio 信噪比 
SQC = Single-Quantum Coherence 单量子相干 
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论文题目：不均匀磁场下超快速高分辨 NMR 波谱新技术 
作者简介：林玉兰，女，1977 年 11 月出生，2006 年 9 月师从
于厦门大学陈忠教授，于     年   月获博士学位。 
 
中  文  摘  要 
 
核磁共振(NMR)谱广泛应用于有机化合物与生物大分子的结构与反应动





都需要事了解静磁场的空间分布。本论文利用空间编码超快速 2D NMR 谱技
术和分子间多量子相干信号特性，开发了不均匀磁场下超快速获得高分辨 1D









通过二次扫描即可获得不均匀场下高分辨 2D J 分解谱。实验结果验证了这一
方法的有效性。考虑到低浓度样品的水峰压制问题，本论文还提出了具有压
水峰功能的新序列，同时用低浓度样品验证了该序列的实用性。与 2009 年发
















通过 3D 新型采样再投影获得高分辨 2D 谱方法相比，采样时间从几个小时减
少到几秒。 































Nuclear magnetic resonance (NMR) spectroscopy has been widely used in 
studying structure and dynamics of organic molecules and biomacromolecules. It 
delivers detailed molecular level information, such as chemical shifts and 
J-couplings, that exhibits subtle differences in the environment of various nuclei. 
This in turn demands highly homogeneous static magnetic field B0 with spatial 
variations below about 10-9. However, it is often not possible to work under ideal 
conditions. Some approaches to compensate the field inhomogeneity have been 
proposed by the application of custom-built radio frequency coils. They employ 
either an inhomogeneous radio frequency field to match the inhomogeneous B0 
field or field gradients along with radio frequency pulses to compensate the phase 
accumulation due to the inhomogeneous B0 field. They all need a prior description 
on the spatial dependency of B0 magnetic field. The work of this thesis focuses on 
ultrafast high-resolution 1D and 2D NMR spectroscopy in inhomogeneous fields 
via spatially encoded NMR technique and intermolecular multiple-quantum 
coherences (iMQCs). The main results of this thesis are summarized as follows: 
1. The characteristics and mechanisms of signals during the constant-time 
phase-modulated spatially encoded evolution period were analyzed systematically. 
The spins with the phase modulated along the z direction after the evolution can is 
found to generate distant dipolar fields and iMQC signals could be detected by 
applying decoding gradients during the acquisition period. A pulse sequence with 
spatially encoding of intermolecular zero-quantum coherences (iZQC) was 
proposed to ultrafast obtain high-resolution NMR spectra in inhomogeneous fields. 
Complete theoretical expressions were explicitly derived from the dipolar field 
treatment combined with product operator formalism. The capability of the new 
pulse sequence in various inhomogeneous fields was analyzed. The experimental 
observations are consistent with the theoretical predictions. 
2. Based on the characteristics of iZQC signal, a new spatially encoded block 
was proposed with which a high-resolution 2D iZQC J-resolved spectrum obtained 















conventional single-quantum coherences signals as well as solvent iZQC signals, a 
modified pulse sequence was also proposed. Compared to the pulse sequence 
proposed in Science in 2009, our new method provides more information and the 
resulting spectra are easier to read. Compared to the sequence with 3D acquisition 
for 2D high-resolution spectra proposed by our group, the acquisition time of the 
new pulse sequence is reduced from several hours to seconds.  
3. The low sensitivity of spatially encoded iMQCs is one of the most 
important problems needed to solve. To increase the signal-to-noise ratio, we 
proposed a method to excite the solvent spin only during the evolution period. 
Since the solute spins do not decay due to the diffusion effects caused by the 
spatially encoded gradients, the signal-to-noise ratio is increased. Moreover, the 
spectral width along the indirect domain can be narrowed. The water suppression is 
realized by the combined use of the intermolecular double-quantum filter and 
water-suppression module. Experiments on pig brain tissues demonstrate that the 
sensitivity is enhanced and the water signal is greatly suppressed. This method may 
be useful for in vivo high-resolution NMR. It has been further extended to obtain 
high-resolution COSY spectra, which provides more valuable information. 
 


















核磁共振(Nuclear Magnetic Resonance, NMR)是指处于静磁场中的核自旋体系
在外界射频场的作用下，其拉莫尔进动频率与射频场频率相等时所发生的吸收电磁
波的现象[1]。1945 年斯坦福大学的 Bloch 小组和哈佛大学的 Purcell 小组分别用不同
的样品(水和石蜡)、不同的方法(双线圈感应法和单线圈吸收法)发现 NMR 现象[2,3]。
在此之后随着 NMR 技术在现代化学、材料、生物和医学等诸多研究领域中发挥着
越来越重要的作用[4,5]。2002 年的诺贝尔化学奖和 2003 年的诺贝尔生理学或医学奖
授予 NMR 和 MRI 更是彰显了 NMR 和 MRI 的重要性。自发现 NMR 现象[2,3,6]以来





冲序列成为可能。如今工作在静磁场强度达 18 T 的超导磁体已经有商业应用。现今
的谱仪具有更多功能，如多通道发射、形状脉冲、脉冲梯度场等，大大扩展了 NMR







2D 谱的提出推动了磁共振波谱技术更为广泛的应用。自 1971 年比利时科学家
Jeener 提出 2D NMR 的概念，1976 年由瑞士苏黎世高工 Ernst 从实验上实现 2D 















高了大量 NMR 信号的分离能力，减少了信号间的重叠，而且能提供许多一维(One 
Dimensional, 1D) NMR 谱无法提供的结构信息，如互相重叠的共振信号中每一组信
号的精细裂分形态、准确的偶合常数、偶合常数的符号以及直接和远程偶合信息等。











样一样，每次采样的起始幅度和相位受 t1 函数的调制。为了得到一张 2D NMR 谱图，
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其中t 表示直接维的采样时间间隔。从方程(1.2)和(1.3)看出获得一张 2D NMR
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